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Fatty acid binding protein has been found in rat aortic endothelial cell membrane. It has been identified to be a 40- Previously,5 we described the method for free fatty acid (FFA) influx rate determination in vivo, discussed the clinical significance of FFA extraction fraction for the diagnostic purposes, and presented a first approximation analysis of the data, which indicates that the FFA extraction rate might provide some information about the biochemical processes involved in FFA transport into myocardial tissue. For this analysis, we postulated that in the endothelial cell membrane an FFA carrier has to be expected, and we assumed that the reaction of FFA with a putative carrier follows a modified Michaelis-Menten relation in which the supplied amount of FFA per gram and minute and not FFA plasma concentration is the determinant parameter. An axiogradient of FFA concentration along the capillary exchange unit could not be considered since no adequate theoretical model describing these conditions was available.
It was the aim of the present study 1) to evaluate whether an FFA carrier, which was found to be present in sarcolemma,8 can also be isolated from the endothelial cell membrane, 2) to provide a theoretical basis for the description of FFA uptake into myocardial tissue in which both the axiogradient of FFA concentration in the capillary and the surface interaction of FFA with the putative carrier are considered, and 3) to analyze how the experimental data obtained with our method apply to membrane transport at the level of the endothelial cell compared with cardiomyocyte transport.
In our present study, we evaluated the data obtained in the same patient group as described in our previous study.5
Materials and Methods

Demonstration of a Membrane Fatty Acid Binding Protein in Enriched Rat Aortic Endothelial Cell Membrane Fractions
Membrane preparation. The aorta of male Wistar rats (250 g body wt, Zentralinstitut fur Versuchstiere, Hannover, FRG) was removed, and the lumen was rinsed with 20 ml cold saline. The lumen was opened by a longitudinal section, and the endothelium was scraped off gently with a glass slide. The scraping was suspended in 10 ml of 1 mM NaHCO3 (pH 7.4) and homogenized in a Waring blender at full speed for 2.5 minutes. The homogenate was then filtered through cotton gauze to remove clumped material. Fractions enriched in endothelial plasma membranes were prepared by an established procedure for liver sinusoidal plasma membranes using differential centrifugation.9 The final membrane pellets were washed three times in 1 mM NaHCO3 (pH 7.4 ) and centrifuged at 15 Figure 7 also demonstrate that the extraction of ['4C]palmitate is comparable with that of IPPA. These data suggest that IPPA behaves the same as physiological FAs, so that it can be considered to be a suitable indicator for studying the physiological mechanisms involved in FFA transport.
The measurements were carried out at exercise and at rest conditions. Parallel to the external IPPA detection, the determinations of FFAs and albumin concentration in serum were carried out as well. For these determinations, the blood samples were taken immediately before indicator application.
In exercise studies, upright bicycle ergometry was performed by stepwise increases of the workload (25 W/step) and was terminated in the case of exhaustion. The duration of one workload step was 1 minute. At maximal exercise 1 mCi 201'7 and 2 mCi IPPA were injected simultaneously followed by a 10-ml saline flush via an intravenous cannula inserted before the start of the study. Exercise was continued for 60 seconds. Simultaneous with the indicator application, a dual-isotope registration with a single-crystal camera (DATAMO, Picker, Cleveland, Ohio) was started as described previously.5 The data were collected in anterior, left anterior oblique (LAO) 300, LAO ocrit were collected. After administration of 1 mCì 01T1 and 2 mCi IPPA, a registration of data was performed in the same projections as described above. The correction for residual activity was carried out by subtraction of corresponding scintigrams detected before and after the second indicator application. As described previously,5 the ratio of background-corrected IPPA and`01T1 images was used for the determination of the unidirectional (influx) IPPA extraction rate in myocardial tissue (EF*). The FA influx rate (vi) was determined as follows: (1) where fp is the plasma flow rate and -f is the FA plasma concentration. The changes of f during the exercise were estimated on the basis of '01T1 uptake as described previously. 5 Determination of the FA concentration in plasma. For the determination of FA concentration in plasma, an enzymatic colorimetric method (NEFA C kit, Wako Chemicals, Neuss, FRG) was used.
Determination of albumin concentration in plasma. For the determination of albumin concentration in plasma, the nephelometric method for quantitative determination of human serum proteins was applied (N-Reagenzien kit, Behringwerke AG, Marburg, FRG).
Statistical Analyses
Model functions (see Equations 8 and 10 in "Theoretical Model" below) were fitted to the data by the method of nonlinear least squares. The quality of fit was judged by evaluation of the mean residual sum of squares as well as by analysis of the residuals (deviations of the data from the fitted function) with regard to a systematic error of the fit. For these analyses, the nonlinear least-squares regression procedure NLIN and the linear least-squares procedure REG of the statistical software package SAS Version 5 were used. 15 The statistical quality of a parameter estimate p is given by the asymptotic standard deviation ASD(p) in the form p+ASD(p). In analogy to models used in physiology for chemical mediation processes, a simplified stochastic model on the molecular level based on renewal process and queueing theory is formulated and analyzed, giving a theoretical argument for the empirically derived results.
The results of measurements are given as mean± SD.
Theoretical Model
This section provides the theoretical basis for the analysis of FA transport from plasma into myocardial tissue in the presence and absence of an unstirred layer.
Transport of FFA fiom plasma into endothelial cell membrane in absence of an unstirred water layer in capillary. The theoretical description of local influx rate is in this case based on the assumption that, by transport of FA into myocardial tissue, unbound FA Vi=EF* .
-fp in moving plasma interacts with its reactive partner (putative carrier) fixed in the plasma membrane of the capillary endothelial cells and that the flow velocity is so high that the brownian molecular movement in the flow direction can be neglected. It is postulated that for the reaction of two molecules a collision between the reaction partners is necessary. In analogy to similar models used in biochemistry, it is assumed that the time interval during which the FA is binding to carrier is not negligible. During this time, the carrier cannot react with another FA molecule, so that the carrier molecule alternates between occupied and free states. In the free state, the carrier unit is waiting for a reaction partner. Therefore, the time of a transport cycle is the sum of waiting time (time between the end of one reaction and the beginning of the next one) and actual transport time. The mean duration of a transport cycle is the sum of mean waiting time mw and the mean transport time mT. Yet, the mean number of transports performed by one carrier per unit of time is l/(mT+mw) (expressed as 1/min).
If n. is the number of carriers per unit of the length of capillary (1/cm) and dz is the length of the capillary segment (cm), then the total number of transports in unit of time in this segment is n dz/ (mT+mW) (expressed as 1/min).
If, because of the plug flow in myocardial capillaries in the vicinity of the capillary wall, the unstirred layer cannot develop, then the flow velocity at the wall would not be zero. In this case, by increasing the supply of FA the mean waiting time can be made arbitrarily small, so that the process can be saturated.
Each FA molecule that is a potential candidate for collision with a carrier has to pass the cross section (Q) of the capillary at the position of the carrier unit. The mean number of FA molecules passing Q per unit of time is the product of the average FA plasma density (kf, the average number of fatty acid molecules per cm3), the average plasma velocity (v), and the area of the capillary cross section (lOI); that is, (8) This relation was fitted to our data.
Transport of FFA from extravascular space into myocardial cell or from plasma into endothelial cell membrane in presence of an unstirred water layer in capillary. In the case of the presence of an unstirred layer, it has to be expected that the dominant component for the FA-carrier reaction is not the translation of FA molecules but brownian molecular movement; thus, it is reasonable to assume that the local FA influx follows the standard MichaelisMenten relation (see Appendix 2) ; that is, Vmw Cf(Z) Km +c1f(z) (9 Under these conditions the following relation describing the FA influx rate per gram of myocardial tissue is obtained:
This relation was also fitted to our data.
Results
In Vitro Studies
Demonstration of a membrane FA binding protein in enriched rat aoriic endothelial cell membrane fractions. The initial step in any carrier-mediated uptake process represents binding of the ligand to specific membrane binding sites. In the overall uptake process of FAs by the heart, the first membrane that has to be passed is the cell membrane of the capillary endothelial cell. Therefore, we examined whether the membrane FA binding protein (MFABP), which was found to be present in sarcolemma,8 can also be identified in the endothelial cell membrane. In fact, a monospecific antibody to MFABP reacted with a single 40-kDa To analyze the FA uptake process, unidirectional FA influx rate into myocardial tissue was determined in 15 normal subjects both during exercise and at rest, providing a wide range of FA concentrations in plasma as well as various flow rates.
The data obtained in this study are summarized in Table 1 . The albumin plasma concentrations ranged from 3,350 to 4,040 mg/dl. The average heart rate was 123+-*47 beats/min during exercise and 80±13 beats/min at rest.
The FFA influx rate dependence on FFA plasma concentration is demonstrated in Figure 2 . In this figure, a large scatter of the data is apparent; the mean residual sum of squares for fitting with a function ax/(b+x) was 0.12x 1o-2. To analyze this scatter, we considered the data obtained in subjects with a "constant" myocardial plasma flow rate of 0.44±0.03 ml/(g* min) (see Table   1 ) and data obtained in subjects with a constant FA plasma concentration of 0.51±0.03 ,umol/ml (see Figure 3 and Table 1 ). (g . min). In both groups, the scatter of data is remarkably lower; fitting a function ax/(b+x) to the data of the first and second group led to the mean residual sum of squares of 0.019 x 10-2 and 0.018 x 10-2, respectively. These data, which indicate that in case of "constant flow" the scatter of data is remarkably lower and that at "constant FA plasma concentration" the FA influx is a function of flow, suggest that under in vivo conditions the FA plasma concentration is not the only determinant of FA influx rate.
The classical theory postulates that the flow dependence of FA influx is an attribute of axiogradient of FA concentration developing along the capillary exchange unit due to significant FA consumption. The magnitude of axiogradient is determined by the degree of a local influx. In the case that the carrier reacts with FFA dissolved in a stationary solution (cell culture, unstirred water layer in the capillary, or transport from extravascular space into myocardial cell), the local FA influx is usually assumed to follow a Michaelis-Menten relation (see Equation 9 ). Un- der these conditions, the FA influx rate in 1 g tissue is described by Equation 10 .
This function was fitted to all data obtained in this study. The mean residual sum of squares and the parameter estimates for this case are given in Table  2 . The deviations of the observed data from the theoretical estimate are shown in Figure 4 as a function of plasma flow. In this figure, a trend can be recognized pointing out that the functional relation shown in Equation 10 overestimates the influx rate at low plasma flow and underestimates it at high plasma flow. The significance of the trend was tested by fitting a straight line to all data by linear least squares. The trend is found to be significant at p<0.001.
This analysis suggests that the description of the local FA influx rate by the standard MichaelisMenten relation is not sufficient to explain our data; that is, along with axiogradient-related effects of flow of the observed data from the theoretical estimate are shown in Figure 5 as a function of plasma flow.
In Figure 6 , the FA influx rates, observed in all subjects examined in this study, are plotted as a function of the amount of FA available per gram of tissue and unit of time.
The nonlinear least-squares fit of the relation (Equation 8) to the observed data revealed that the myocardial FA influx follows saturation kinetics with a Km and Vmax of 0.24±0.024 gtmol/g and 0.37±0.013
,mol/(g min), respectively ( Table 2) . Discussion Plasmatic nonesterified FAs are transported to the heart via blood bound to albumin. However, the cells do not appear to internalize albumin at a significant rate.'8 The conventional theory of the sequestration of protein bound ligands assumes that only unbound ligand participates in the uptake process. Since the unbound fraction of ligand is very small when compared with uptake of ligand, the conventional theory assumes that the bound fraction equilibrates virtually instantaneously with the unbound fraction.19-21 This assumption has been the cause of much confusion and uncertainty. Recent studies of Weisiger and Ma21 and Sorrentino et a120 showed, however, that 1) the rate of FA dissociation from the albumin molecule is sufficient to cover the hepatic uptake, 2) under physiological plasma albumin concentrations, the conventional model is applicable, and 3) at physiological plasma albumin concentrations, the rate of FA transport correlates also with the albumin bound concentration. Therefore, the FA dissociation from albumin is commonly not thought to be a rate-limiting step for FA transport into myocardial tissue. [20] [21] [22] The transfer of FA from plasma to cardiac cells does not involve solely a phase boundary (plasmacapillary wall) process; it also involves a sequence of membrane and aqueous phase translocation processes. These include passage of FAs across the capillary wall and movement through the intercellular space before they are presented to the cardiomyocytes. The mechanism of this directed transport across various extracellular and intracellular compartments, which is assumed to be highly regulated to ensure sufficient energy supply for the working heart under various metabolic conditions, is still unclear.
For transport of FA across the nonfenestrated myocardial capillary endothelium, three hypotheses are discussed: penetration via clefts, lateral diffusion in the plasmalemma, and transendothelial transport.
Since recent studies'8 indicate that the first two possibilities are unlikely, it was concluded that the transendothelial transport begins with the translocation of FA from plasma into the luminal membrane of the endothelial cell.
Several years ago Spector23'24 proposed that the FAs enter the plasma membrane of cells by a process of simple diffusion. During the last decade, however, evidence cumulated that the entry of FA into the cell is mediated by special carrier proteins. So, for examx X X X X ple, Stremmel8 was able to isolate a specific 40-kDa membrane FA transport protein from the membrane of myocardial cells and to show that it participates in the FA uptake. Yet, the prevalent view today is that the FA uptake in myocardial tissue is a carriermediated process. 8, 10416, 17, [25] [26] [27] [28] Therefore, it was of potential interest to evaluate whether an FA carrier, which was found to be present in sarcolemma,8 can be also isolated from the endothelial cell membrane.
By Western blot analysis (Figure 1 ) of a protein fraction isolated from rat aortic endothelial cells, it has been shown that an MFABP corresponding to that isolated by Stremmel8 from sarcolemma is also a constituent of endothelial plasma membranes. This protein is distinct from the 12-kDa cytosolic FA binding protein29 and does not reveal apparent homology to other cellular or extracellular proteins. We believe that this membrane FA binding protein might also mediate the translocation of FA from plasma into the endothelial plasma membrane of the capillary.
To support this hypothesis, it was necessary to characterize the kinetic properties of the FA transport system under in vivo conditions. For this, we determined myocardial FA influx in 15 normal subjects at different metabolic states. By evaluating these data two questions were of particular interest: 1) Does in vivo fatty acid influx into myocardial tissue reveal saturation kinetics? 2) Do the data obtained in our study apply to membrane transport at the level of the endothelial cell or do they reflect the myocardial cell membrane transport?
At first we studied the dependence of FA influx rate on FA plasma concentration. As demonstrated in Figure 2 , our data reveal, in fact, saturation kinetics. However, a large degree of scatter of the data was present. On the other hand, in measurements in which the FA influx rate was determined at conditions of constant flow but at different FA plasma concentrations, the scatter of the data was evidently lower. These results indicate that the FA plasma concentration cannot be considered as the only determinant of FA influx rate. Indeed, the data obtained under conditions of constant FA plasma concentration but at different flows ( Figure 3 and and regional uptake of IPPA (radioactivity in heart slices was determined in a well scintillation counter and corrected for radioactive decay, background, and cross contamination) under ischemic and normal conditions and during pacing-induced stimulation.
Initially, we tried to interpret the dependence of FA influx rate on flow by the axiogradient of FA plasma concentration along the capillary exchange unit. The axiogradient develops under the conditions of a significant consumption of FA. Under these conditions, the downstream concentration is lower than the upstream concentration; therefore, the FA influx is higher upstream than downstream. The increase of the flow leads to reduction of the axiogradient and thus to an increase of the overall influx rate.
We based our calculation of the losses of FA along the capillary exchange unit (axiogradient of FA plasma concentration) on the assumption that the local FA influx rate follows the standard MichaelisMenten relation (Vmax -cf/Km+Cf).32 As described in Appendix 2, this assumption implies that in the vicinity of the capillary wall exists the unstirred layer or that our data reflect the FFA transport from the stationary interstitial fluid into the myocardial cell. By the use of this model, a function describing the FA influx rate into myocardium has been derived (Equation 10). This function was fitted to the observed data. In Figure 4 , the deviations of the observed data from the data predicted on the basis of the functional relation shown in Equation 10 are presented as a function of plasma flow. It can be seen that at low plasma flow rates, FA influx is overestimated by this model, whereas at high flows it is underestimated. Therefore, we concluded that this model is not sufficient to explain the observed influx dependence on flow and that some kind of interaction between flow and local FA influx rate has to be expected.
Such an interaction would be expected in the case of reaction of FFA dissolved in flowing plasma with the carrier fixed in the endothelial cell wall in the absence of an "unstirred layer." In myocardial tissue, where, probably because of the plug flow in myocardial capillaries, an unstirred layer in the vicinity of capillary wall cannot develop, such conditions are possible throughout.
To analyze this situation, the classical model mentioned above had to be reshaped. We decided to describe the transport process, in this case, on the molecular level. For this, we first analyzed the possible interactions of the FA molecule with the carrier. We based our analysis on the collision theory, which postulates that the reaction of two molecules can only occur if it comes to a collision between the reaction partners. Based on this hypothesis, a function describing the number of collisions of the FA molecule leading to reaction with the carrier was developed (Equation 2). This relation suggests that the expected number of collisions and thus the local FA influx rate is determined by the amount of substrate being supplied to a gram of tissue in a unit of time (product of FA concentration and flow). This would mean that the carrier fixed in the endothelial cell membrane interprets an increase of flow velocity as an increase of FA plasma concentration. By the use of Equation 2, the relation describing the axiogradient and global FA influx rate into gram of myocardial tissue was developed (Equation 8 ). The function was fitted to the observed data. In Figure 5 , where the deviations of the observed data from the predicted values are plotted as a function of plasma flow, it can be seen that, in Supplied amount offatty acids [pmoi/(g min)l FIGURE 7. Plot comparing data obtained in this study (see Figure 6 ) with data presented in literature (see Table 3 Figure 7 and Table 3 ). In Figure 7 , it can be seen that our data, and thus the model, correlate well with physiological measurements of arterial coronary sinus estimates of FA influx performed both in humans and experimental animals.
The fitting of Equation 8 to experimental data revealed, moreover, that the FA influx into myocardium is characterized by the quantity corresponding to the Michaelis-Menten constant, Km, and Vmax5 being 0.24±0.024 ,umol/g and 0.37±0.013 ,umol/ (g. min), respectively (see Table 2 ). For comparison, in Table 2 ,umol/g and 0.37±0.013 ,umol/(g* min), respectively. Therefore, we proposed that the influx of FA into human myocardium might be facilitated by a carrier areas of low-activity accumulation, the underestimation that occurs by applying the background correction might represent a potential source of error in quantitation and the resultant plasma flow rates and IPPA transfer rates. Yet, in pathological cases, the planar scintigraphy should be replaced by singlephoton tomography.
Appendix 1 This section provides the mathematical basis for the descriptive theoretical analysis of FA influx presented in "Materials and Methods."
By modeling the transport of FA molecules from blood into the myocardial tissue, it was considered that under physiological conditions the efflux of nonmetabolized FA from normal myocardial tissue can be neglected. 14 In total, eleven assumptions were made. We assumed 1) that if FA reacts with carrier, it will be transported; that one carrier can bind only one FA molecule; and that the time for which FA binds to a carrier is finite and positive; 2) that FAs are transported from blood into myocardial tissue by carrier molecules that are randomly distributed in the capillary wall; 3) that, in the vicinity of each carrier unit, an acquisition area exists, in which the FA molecule can react with the carrier; 4) that there are no interactions between the single carrier molecules; 5) that the transport behavior of the carrier unit is independent of time and of transport intensity; 6) that the flow velocity is so high that the molecular movement in flow direction and the time during which the fatty acid molecule is passing through the acquisition area of the carrier unit are negligible (i.e., that the passage time through the acquisition area can be considered to be zero); and 7) that the system is in a steady state.
Under these conditions, the transport process can be considered as consisting of two components: a waiting time (W) during which the carrier is waiting for the FA molecule "to come into its acquisition area" and 2) a transport time (T) during which the FA molecule is transported from blood into an endothelial cell (i.e., the total time for the transport of an FA molecule into an endothelial cell is given by X=W+T).
The schematic description of such a process for one molecule is presented in Figure Al . Let For each point (a1,a2)eQ a probability p(a1,a2) exists that the fatty acid molecule passing Q in (a1,a2) is "ready for transport" (RFT), which means that the fatty acid will be transported if the carrier unit is waiting (assumptions 3 and 4) . The probability p(a1,a2), which describes the reaction radius of a carrier unit, is influenced by the orientation of the FA molecule in the stream, by the configuration of the FA molecule, by the configuration of the active center of the carrier unit, and by the albumin concentration in plasma.
The probability R that a random fatty acid molecule passing Q is RFT is then R= f p(al,a2)fA(al,a2)dalda2 Since the expected value of RFTs passing Q in a unit of time is determined to be R iQ IQI, the intensity parameters of this Poisson process is R.* Q* IQI. Under these conditions, the differences (Z) between appearance times ( r) of RFTs, Zj=irj,-rj, are independent and identical exponentially distributed variables, with an expectation of 1/(R niQ * IQI).
The waiting time Wi during which the carrier unit is waiting for the arrival of the next RFT is a part of a certain Zj (assumption 6); it represents the forward recurrence time of a Poisson process40 and has, because of the "lack of memory" of exponential distribution, the same distribution as Zj. Thus, Wis are independent and identical exponentially distributed variables with parameter R Q * IQ1 and expectation mw=l/(R . fiQ* IQI) (expressed in minutes).
It is also assumed 10) that Ti is independent of W, and of the random position Aj at which the fatty acid passes Q and that the expectation mT for the transport time exists.
Then the total transport times X2,X3,X4, . . . are a series of independent and identically distributed random variables. An where mT is the expected value of the transport time (expressed in minutes).
To determine the properties of a carrier unit randomly distributed on the surface of a capillary, S, we first consider the carrier unit fixed in (x,y,z) (coordinates of the selected carrier unit on S), where the z axis is the capillary axis. For each carrier we select in Q local axes a, and a2. So, the center of Q is (0,0) and the position of the carrier in Q is (0,-r), with r being the radius of capillary.
We assume 11) that iQI, v(a1,a2), mT, and p(a1,a2) and k'f(a1,a2) are independent of x,y,z.
Then the probability R (1) is independent of x,y,z:
1rr R=IQ] f p(al,a2)k'1(a1,a2)v'(al,a2)dalda2 
